from both the northern and southern tropical Atlantic. The monsoon winds, precipitation and convection also extend farther north into North Africa. The precession-induced changes are much larger than those induced by obliquity, but the latter are remarkable because obliquity-induced changes in summer insolation over the tropics are nearly zero. Our results provide a different explanation than previously proposed for mechanisms underlying the precession-and, especially, obliquity-related signals in paleoclimate proxy records of the North African monsoon. The EC-Earth experiments reveal that, instead of higher latitude mechanisms, increased moisture transport from both the northern and southern tropical Atlantic is responsible for the precession and obliquity signals in the North African monsoon. This increased moisture transport results from both increased insolation and an increased tropical insolation gradient.
3
of obliquity-induced summer insolation changes over the tropics.
Numerous climate modelling studies have confirmed the impact of astronomical cycles on the monsoon systems. Most of these modelling studies use time slices of the last glacials and interglacials, such as the Eemian (~126 ka, kyr before present) and glacial inception at 115 ka (e.g. Prell and Kutzbach 1987; de Noblet et al. 1996; Montoya et al. 2000; Braconnot et al. 2008) , as well as the Last Glacial Maximum and the Holocene, including some of the earliest modelling studies (e.g. Kutzbach 1981 ) and many PMIP-simulations (e.g. Braconnot et al. 2007) . In these modelling studies, the combined effect of all orbital parameters (eccentricity, precession and obliquity) on monsoon intensity are investigated. These studies agree that at times of increased northern hemisphere summer insolation, warming of the continents results in deeper thermal lows and increased ocean-land thermal and pressure gradients. As a result, monsoon winds and moisture transport from ocean to land are intensified and continental summer monsoon precipitation is enhanced. Furthermore, temperatures in the monsoon areas are reduced due to increased evaporation and cloud cover (e.g. de Noblet et al. 1996; Montoya et al. 2000; Braconnot et al. 2007 ).
At present, there are not many studies that examine the precession and obliquity signals in the North African summer monsoon separately. The few that do focus mainly on precession. Short and Mengel (1986) used an energy balance model (EBM) to investigate the response of the tropics to precession. Their study shows precession-driven changes in the temperature contrast between North Africa and the tropical Atlantic, which indicates changes in moisture availability to the monsoon area in the rainy season. Prell and Kutzbach (1987) performed idealized precession and obliquity experiments with an atmospheric general circulation model (AGCM) in permanent July mode. Their work agrees with the above-mentioned increase in the land-ocean pressure gradient, stronger monsoon winds and enhanced monsoon precipitation at times of increased northern hemisphere summer insolation. The precession effect on subtropical highs is investigated by Mantsis et al. (2013) , who also identified increased convective precipitation over the monsoon areas. Merlis et al. (2013a, b) use idealized aqua-planet simulations to show that the hemisphere that receives most summer insolation also receives more precipitation, and that over an idealized subtropical continent the monsoon shifts polewards. The study of Erb et al. (2013) also identifies increased moisture transport into the monsoon areas as well as a poleward shift in monsoonal precipitation for both precession-and obliquityinduced increases in summer insolation. In their obliquity experiments Prell and Kutzbach (1987) and Erb et al. (2013) keep eccentricity and precession at their present-day values, which may affect the results since the obliquityinduced changes are sensitive to the prevailing precession (Tuenter et al. 2003) .
The only study, to our knowledge, that has examined the separate precession and obliquity effects on the North African monsoon is that of Tuenter et al. (2003) . Using an intermediate complexity quasi-geostrophic model, ECBilt, they investigated the climate response to the separate astronomical forcings. They found a stronger and more northward monsoon over North Africa at times of minimum precession or maximum obliquity, when summer insolation is increased. In addition they showed that insolation changes at high latitudes play an important role in both the precession and obliquity experiments. As a result of a stronger convergence zone over southern Asia due to enhanced summer insolation, stronger winds extend from the Atlantic, via North Africa, into Asia in the EC-Bilt model. Furthermore there is increased moisture transport from the north into the North African monsoon region. Such mechanisms can explain why obliquity affects the North African monsoon despite the near lack of summer insolation change over the tropics. Local precession-induced insolation changes over the tropics also play an important role, as insolation changes over the tropics are strong and induce a stronger land-sea contrast, which dominates the remote effects.
A weakness of the quasi-geostrophic model EC-Bilt is that it cannot capture tropical circulation patterns or crossequatorial moisture and energy transport well. Therefore we revisit the response of the North African monsoon to separate precession and obliquity forcings using the fully coupled state-of-the-art general circulation model (GCM) EC-Earth. Our aim is to investigate whether the main conclusions of Tuenter et al. (2003) still hold, by examining in detail which physical mechanisms and feedbacks operate for both orbital parameters, including surface as well as circulation features. EC-Earth is based on a weather forecast model and runs at a resolution of ~1.125° (Hazeleger et al. 2010 (Hazeleger et al. , 2011 . The higher resolution and more sophisticated parametrizations of EC-Earth compared to ECBilt result in a much more reliable representation of the monsoonal precipitation and related circulation patterns. Moreover, EC-Earth has been shown to respond well to Mid-Holocene orbital forcing compared to PMIP2 model studies by Bosmans et al. (2012) , in which a detailed account of Mid-Holocene monsoons on both hemispheres is given.
This paper is set up as follows: in Sect. 2 the EC-Earth model and the experiments are described. The precession-induced changes in the North African monsoon are described in Sect. 3.1, followed by the obliquity-induced changes in Sect. 3.2. A discussion and conclusion is presented in Sect. 4.
Model and experiment set-up

The model: EC-Earth
EC-Earth is a fully coupled ocean-atmosphere general circulation model (GCM, Hazeleger et al. 2010 . The atmospheric part of EC-Earth 2.2 is based on the integrated forecasting system (IFS), cycle 31R1, of the European Centre for Medium-range Weather Forecast (ECMWF). Its spectral horizontal resolution is T159 (roughly 1.125° × 1.125°) with 62 vertical levels. IFS cycle 31R1 is improved by adding the Bechtold et al. (2008) convection scheme and the Balsamo et al. (2009) land surface scheme H-TESSEL, including surface runoff. The ocean part consists of Nucleus for European Modelling of the Ocean (NEMO), version 2, running at a horizontal resolution of nominally 1° with 42 vertical levels (Madec 2008; Sterl et al. 2011) . NEMO includes the seaice model LIM2. The ocean, sea-ice, land and atmosphere are coupled through the OASIS3 coupler (Valcke and Morel 2006) . EC-Earth performs well for the present-day compared to CMIP3 models and data in terms of climatology as well as interannual, spatial and temporal variability (Hazeleger et al. 2010 (Hazeleger et al. , 2011 . More importantly, we have previously shown that monsoonal precipitation is represented well in EC-Earth in both a pre-industrial and a Mid-Holocene paleo-experiment compared to PMIP2 model studies (Bosmans et al. 2012 ).
Experimental set-up: insolation forcing and boundary conditions
In order to examine the separate precession and obliquity (tilt) signals we have performed four idealized experiments with different orbital parameters:
Pmin: Minimum precession, minimum obliquity Pmax:
Maximum precession, minimum obliquity Tmax: Maximum obliquity with a circular orbit Tmin:
Minimum obliquity with a circular orbit.
The values of the orbital parameters are given in Table 1 . These are the same as the P−T−, P+T−, P0T+, P0T− experiments in Tuenter et al. (2003) , and are based on the extreme values of the orbital parameters occurring in the last 1 Ma (Berger 1978) . For precession, extremes of the precession parameter e sin(π +ω) are chosen rather than extremes of sin(π +ω), as eccentricity e modulates precession. ω is the longitude of perihelion, defined as the angle from the vernal equinox to perihelion, measured counterclockwise. We did not perform the precession experiments with maximum obliquity (P−T+ and P+T+ in Tuenter et al. 2003) due to lack of computing time. Furthermore, Tuenter et al. (2003) have shown that the precession signal (in the African monsoon) is not dependent on obliquity. The obliquity signal does depend on the prevailing precession (Tuenter et al. 2003) , i.e. comparing P−T+ to P−T− gives different results than comparing P+T+ to P+T−. In this study we fully exclude precession in the obliquity experiments by setting eccentricity to zero (i.e. prescribing a circular orbit).
During a precession minimum (Pmin) the summer solstice occurs at perihelion and the precession parameter e sin(π +ω) is negative. Seasonality is enhanced in the northern hemisphere (NH) and reduced in the southern hemisphere (SH). The opposite occurs during a precession maximum (Pmax), when the summer solstice occurs at aphelion and the precession parameter e sin(π +ω) is at its maximum value. Figure 1a shows the insolation differences between Pmin and Pmax, calculated using the equations of Berger (1978) . During an obliquity maximum (Tmax, maximum tilt), both NH and SH summers receive more insolation, especially at the poles, while during an obliquity minimum (Tmin) summer insolation is reduced. The obliquity-induced insolation changes are shown in Fig. 1b . The orbital parameters, shown in Table 1 , are kept fixed during each experiment. All other boundary conditions (e.g. the solar constant, greenhouse gas concentrations, orography, ice sheets, vegetation) were kept constant at pre-industrial levels. We keep vernal equinox fixed at the 21st of March and use the present-day calendar. This introduces some errors in the precession experiments, because the lengths of the seasons and the dates of the equinoxes and solstices change along the precession cycle (Joussaume and Braconnot 1997) . A celestial calendar, using angular months based on astronomical positions, would be more appropriate. However, because Tuenter et al. (2003) , and others (e.g. Braconnot et al. 2008; Chen et al. 2011) , also use the present-day calendar, we maintain this calendar to facilitate comparison. EC-Earth is computationally expensive. Each experiment was run for 100 years, initiated from a pre-industrial experiment (Hazeleger et al. 2011) . The first 50 years are considered spin-up. The experiments are long enough for atmospheric and surface variables that are of interest to monsoon dynamics to equilibrate to the forcing (Fig. 2) . Annual mean temperatures drop in the first ~10 years, then level off. Temperatures in the Tmax experiment show a relatively strong cooling trend (Fig. 2a, b ), but these trends do not cause a trend in the tropical monsoonal precipitation (Fig. 2d) . Table 2 shows the trends for both the zonal mean (as shown in Fig. 2 ) and for Africa, where trends are slightly larger (likely related to focussing on a smaller area). The globally averaged tendency term of surface air temperature, dT/dt, is near-zero and shows no trend in all experiments (not shown). Precipitation over the tropical land areas, an indication of monsoon precipitation, shows virtually no trend (Fig. 2d) . Furthermore, taking the last 30 years instead of the last 50 years does not influence the results (not shown).
Results
In this section we focus on the North African summer monsoon, investigating in detail the changes in the monsoon precipitation, temperature, surface wind and pressure, moisture transport and large-scale circulation induced by precession (Sects. 3.1.1-3.1.5) and obliquity (Sects. 3.2.1-3.2.5). We compare Pmin-Pmax and Tmax-Tmin, i.e. maximum to minimum boreal summer insolation, using June-July-August averages. The figures also give results for each experiment separately. The response of the Asian summer monsoons and the Mediterranean region will be discussed in separate papers.
The North African Monsoon: precession
Precession: precipitation
During boreal summer, insolation is higher in both hemispheres in the Pmin experiment than in Pmax. Insolation differences reach over 100 Wm −2 (Fig. 1a) . There are large differences in precipitation over North Africa during the summer monsoon between Pmin and Pmax ( Fig.  3 ). In the Pmin experiment, summer precipitation maxima occur over the continent at 5-5°N, with rates of 10 mm/ day and higher. Precipitation extends far north into the Sahara; the 1 mm/day contour extends up to 20-25°N in the north-eastern Sahara and up to the Atlas mountains in the west (Fig. 3 ). In the Pmax experiment, summer precipitation occurs mostly over the Atlantic, while over land the precipitation rate is only 2-6 mm/day over the southwestern coast. Precipitation does not extend farther north than 15°N.
The difference between Pmin and Pmax is also evident from the yearly cycle of precipitation over tropical North Africa, shown in Fig. 4a . Summer monsoonal precipitation is much larger in Pmin, reaching over 8 mm/ day (averaged over 10°W:40°E, 5°N:20°N). In Pmax, the summer precipitation over the continent is small, and in contrast to Pmin, precipitation maxima occur in spring and autumn, not summer (Fig. 4a ). This suggests that Table 1 for the values of the orbital parameters. Insolation is calculated for every second latitude and every month (midmonth) precipitation responds strongly to the local insolation forcing over the tropics, which also has a single strong peak in summer in Pmin and two peaks in spring and autumn in Pmax (Fig. 4c) . North of the Tropic of Cancer both Pmin and Pmax show a single summer insolation peak. Table 2 3.
Precession: temperature and energy balance
To further investigate the differences between Pmin and Pmax, we look into changes in temperature, the surface energy balance, pressure, and winds at the surface. Figure  5 shows that JJA surface air temperatures are higher in the Pmin experiment, especially over land, with the exception of the continental monsoon region. There, temperatures are up to 5° lower, which can be explained by feedbacks from monsoon intensification. Increased cloud cover reduces the surface downward shortwave radiation by 59.3 Wm −2 (averaged over 10°W:40°E, 5°N:20°N, JJA, land only), despite the ∼90 Wm −2 increase in downward shortwave radiation at the top of the atmosphere. Also, increased evaporation leads to an increased surface latent heat flux of 52.9 Wm −2 (a difference of more than 150 %). These changes are only partly compensated by increased surface downward thermal radiation due to increased cloud cover (49.8 Wm −2 ) and decreased surface upward shortwave radiation (14.0 Wm −2 ). Due to the cooler surface, there is a smaller surface sensible heat flux (37.9 Wm −2 ) and less surface upward thermal radiation (11.6 Wm −2 ), see Fig. 6 . These changes in the surface energy balance completely counteract the direct warming effect of increased insolation.
In the Pmin experiment, sea surface temperatures are generally higher in summer due to increased insolation (not shown), but the changes are smaller than over land due to the ocean's larger heat capacity. Near the south-west coast of North Africa SSTs are lower in Pmin. Increased winds over this coastal region (Fig. 8 ) create stronger upwelling, cooling the surface and reducing evaporation.
Precession: surface wind and pressure
The increased monsoonal winds into North Africa respond to changes in surface pressure. Figure 7 illustrates that the low pressure areas over the Sahara are stronger and located further north in the Pmin experiment, as a result of the strong surface warming in the (northern) Sahara (Fig. 5) . Surface pressure in JJA is reduced by up to 8 hPa over the north-eastern Sahara, associated with intensified heat lows, and up to 7 hPa over the north-western coast, where the Azores High is shifted northwestward. Over continental tropical eastern North Africa surface pressure is increased, related to the northward shift of the Saharan low pressure areas and the decreased surface temperature. Therefore the insolation changes do not induce a simple intensification of the land-sea pressure difference. In response to the stronger low pressure areas, located farther north over the Sahara, the monsoon winds are stronger and penetrate further north (Fig. 8) . Northerly winds into the north-eastern Sahara are stronger as well, so the convergence of northerly and southerly winds is stronger. Also, a stronger SouthAtlantic subtropical high further increases the pressure gradient between the (southern) Atlantic and the northern Sahara, causing more southerly winds to cross the equator into the monsoon area. Near the west coast, the northerly trade winds at 10-20°N are turned more landward in Pmin.
Precession: moisture sources
Over the continent, changes in local recycling play only a small role in the increased precipitation; evaporation is increased by only 2-3 mm/day (Fig. 9) . Although this evaporation increase plays an important role in lowering the surface temperature (Sect. 3.1.2), the changes are not large enough to explain the precipitation changes (up to 10-12 mm/day, Fig. 3 ). Calculating (∆P-∆E)/∆P, where ∆ is the Pmin-Pmax difference for 10°W:40°E, 5°N:20°N, land only, shows that during JJA, to first order, 72 % of the precipitation increase originates from outside this area. Increased evaporation over the nearby Atlantic could explain enhanced moisture advection into North Africa. However, evaporation is reduced at 10-20°N over the Atlantic (Fig. 9) , where the northerly trade winds turn more landward and lose some of their speed. Near the south-western coast evaporation is reduced as well, due to increased upwelling and lower SSTs. Over the western tropical Atlantic there is an increase in evaporation (up to 1.5 mm/day) which, together with the decrease in precipitation (up to 8 mm/day) over the south-western tropical Atlantic (Figs. 3, 9) , could leave more moisture available for transport into the continental monsoon area. Figure  10 shows the changes in moisture transport Q, the massweighted vertical integral of specific humidity q multiplied by horizontal wind v. The moisture transport into North Africa from the Atlantic over the southwestern coast is indeed increased. Changes in total moisture transport Q are composed of three terms:
where v∆q is the thermodynamic part (due to changes in specific humidity with fixed winds), q∆v is the dynamic part (due to changes in winds with fixed humidity) and ∆q∆v is due to changes in both winds and humidity. p s is surface pressure, p 0 is the top of the atmosphere. These three terms are shown in Fig. 11 . Most of the increased moisture transport is related to increased winds (Fig. 8) ; the dynamic term q∆v dominates the moisture transport into
(1)
v∆q dp + p 0 p s q∆v dp
p s ∆q∆v dp North Africa and across the equator (Fig. 11) . Therefore the reduced precipitation over the tropical Atlantic is likely a consequence of the enhanced landward moisture transport. Furthermore, changes in net precipitation, P-E, shown in Fig. 10 , are very similar to the changes in precipitation (Fig. 3) , again illustrating that evaporation changes do not play a large role. Over the Sahara, at ∼ 20-30°N the thermodynamic term v∆q also plays an important role, because ∆q is largest over this area (not shown). Increased precipitation over northwestern North Africa (Fig. 3) is therefore due to both an increased wind from the east (q∆v) and advection of increased specific humidity (v∆q, Fig. 10 ). Moisture transport from the Atlantic trade winds, which are are less landward in Pmin, is weakened. Local recycling also plays an important role over northwestern North Africa; (∆P -∆E)/∆P over 15°W:0°E, 25°N:35°N, land only, is 25 %.
Precession: large-scale circulation
Not only do horizontal winds change, but there are also large changes in vertical velocity. Most of the monsoon precipitation is convective, so it is no surprise that ascending motion over land is increased while over the ocean ascending motion is reduced (Fig. 12) . In the Pmin experiment, maximum upward vertical velocity occurs over the continent at 10-15°N at 400-500 hPa height, extending north up to 20°N, while in Pmax there is little vertical velocity at this height over land and maxima of vertical velocity lie mostly over the tropical Atlantic (Fig. 12) . Therefore, like precipitation, convection (ascending motion) shifts from ocean to land in Pmin. Furthermore, convection over continental tropical Africa follows the local insolation forcing and shows a double peak in spring and autumn in Pmax, and a single peak in summer in Pmin (Figs. 4a for ) is given in (c) for each experiment precipitation and 4c for insolation). Over the north-eastern Sahara, subsidence is weaker in Pmin in summer. The northward extension of convection is also evident in Fig. 13 , which shows 30°W:40°E zonally averaged vertical motion. In the Pmin experiment, deep convection occurs at 10-15°N, consistent with high precipitation at this latitude (Fig. 3) . Shallow convection occurs at 20-25°N, overlying the low pressure areas where northward monsoon winds meet southward winds from the Mediterranean (Figs. 7,  8 ). In the Pmax experiment, shallow convection occurs at 10-15°N (Fig. 13) , mostly over eastern Africa (not shown). Deep convection occurs over the Atlantic, where precipitation is strongest in Pmax (Figs. 3, 12 ). In agreement with the northward extension of convection in Pmin the African Easterly Jet (Nicholson 2009 ) is located further north, at 15-20°N and 500 hPa (Fig. 13) . In Pmax, the AEJ is located at 5-10°N and 600-700 hPa, but it is stronger (not shown), further decreasing the moisture content over continental North Africa.
The North African Monsoon: obliquity
Obliquity: precipitation
The obliquity-induced insolation changes over the tropics during boreal summer are small, (<5 Wm −2 or <1 % for Figs. 1b, 4c) . Nonetheless, there is a clear obliquity-induced precipitation change (25 %, averaged over 0°N:30°N, 20°W:50°E, land only, JJA). This precipitation change (Fig. 3 ) must therefore either originate at higher latitudes, as suggested by Tuenter et al. (2003) , be related to non-linear responses, or be induced by changes in the inter-hemispheric insolation gradient, which is stronger in the Tmax experiment when NH summer insolation is increased and SH winter insolation is decreased. The JJA averaged insolation gradient between 23°N and 23°S is 17.5 Wm −2 stronger in Tmax.
The climatologies of Tmax and Tmin are overall much more alike than those of Pmin and Pmax, because of the small insolation differences over the tropics. For precipitation, the annual cycle is slightly stronger in the Tmax experiment (Fig. 4b) . Precipitation extends further north in Tmax, reaching just over 20°N (based on the 1 mm/day contour for JJA, Fig. 3 ). Precipitation is also increased over the Atlas mountains. In Tmin, precipitation reaches 15-20°N. Over land, the differences are up to 2-3 mm/day at 10-15°N (Fig. 3) .
Obliquity: temperature and energy balance
Changes in temperature show a meridional pattern, see Fig. 5 . Temperatures on the southern hemisphere are reduced due to reduced insolation, while on the northern hemisphere temperatures are increased due to increased insolation. Over North Africa, increased temperatures extend up to 20-25°N, as the surface of monsoonal North Africa is cooled through feedbacks within the monsoon system, similar to the response to precession, see Sect. 3.1. There is a reduction in surface downward shortwave radiation of 20.7 Wm −2 (an order of magnitude larger than the local insolation increase) due to increased cloudiness and a stronger surface latent heat flux of 5.5 Wm −2 due to increased evaporation (Fig. 6) , resulting in surface temperatures of up to 3 °C lower. Sea surface temperatures (not shown) show a response very similar to surface air temperature, with further lowering of SSTs along the coast of North Africa due to increased upwelling related to increased surface winds.
Obliquity: surface wind and pressure
Pressure changes closely follow the temperature changes (Fig. 7) . Pressure is up to 2 hPa lower over the north-eastern Sahara as well as over the western coast, where the Azores High is weakened. The monsoon winds are stronger and drawn slightly further north in response to the reduced pressure over the northern Sahara, (Figs. 7, 8) . A strengthened South Atlantic subtropical high strengthens the crossequatorial pressure gradient and forces more southerly cross-equatorial winds into the monsoon region, in agreement with a stronger cross-equatorial insolation gradient.
Obliquity: moisture sources
Similar to the monsoonal response to precession, precipitation is shifted from ocean to land (Fig. 3) . Indeed, moisture transport Q is increased over the south-west coast into North Africa (Fig. 10) . Most of the increased moisture transport is due to wind changes (q∆v, the dynamic term in Eq. 1, see Fig. 11 ). A small part of this increase comes from the southern tropical Atlantic due to the stronger cross-equatorial southerly winds. Terms v∆q and ∆q∆v are small south of ~10°N and act to reduce northward moisture transport, because ∆q is negative as a result of decreased JJA insolation south of ~10°N. Compared to the increased moisture transport from the tropical Atlantic, changes in moisture transport from the north are small (Fig.  10) due to both small changes in winds and small changes in humidity north of the monsoon region. Over northwestern North Africa, moisture transport is more north-westward in the Tmax experiment and moisture transport in the trades is weaker (Fig. 10) . Increased precipitation over north-westernmost North Africa (Fig. 3) is therefore related to increased moisture transport from the Sahara and northern monsoon region, as well as increased evaporation; (∆P -∆E)/∆P is 14 % over 15°W:0°E, 25°N:35°N (land only). . SSRD is surface shortwave radiation downward, STRD is surface thermal (longwave) radiation downward, SLHF is surface latent heat flux, SSHF is surface sensible heat flux, SSRU is surface shortwave radiation upward, STRU is surface thermal (longwave) radiation upward. Note that absolute values are shown; SSRD and STRD are fluxes from the atmosphere towards the surface, while SLHF, SSHF, SSRU and STRU are fluxes from the surface towards the atmosphere Over the monsoon region, increased moisture advection is the main reason for increased precipitation. (∆P-∆E)/∆P is 81 % (for 10°W:40°E, 5°N:20°N, land only). The pattern of changes in net precipitation, P-E, is very similar to the pattern of changes in precipitation (Figs. 3, 10) , further indicating that evaporation changes are of minor importance within the monsoon region.
Obliquity: large-scale circulation
Changes in large-scale circulation are evident from changes in vertical motion. Like precipitation, convection in Tmax is increased over land, extending slightly further north, and decreased over the ocean (Fig. 12) . Convection is reduced over the Atlas mountains; local recycling explains most of the precipitation increase. Decreased subsidence occurs over the north-eastern Sahara and eastern Mediterranean. Figure 13 also shows that ascending motion extends further north in Tmax. Strong convection occurs just north of 10°N in Tmax and just south of 10°N in Tmin, in line with maximum precipitation at these latitudes (Fig. 3) . Shallow convection overlies the surface lows at ~20°N, which are located slightly further north in Tmax. Furthermore, the African Easterly Jet is located further north in Tmax, consistent with the northward extension of ascending motion. 
Discussion and conclusions
This study is the first to investigate the response of the North African monsoon to the separate precession and obliquity signals using a fully coupled, high-resolution GCM (EC-Earth). For both the precession and obliquity experiments, the North African monsoon circulation is strengthened when NH summer insolation is stronger (during minimum precession and maximum obliquity, Pmin and Tmax, see Sect. 2.2). In the Pmin and Tmax experiments monsoonal precipitation is stronger and farther northward due to stronger monsoonal south-westerlies, corresponding to stronger heat lows over the Sahara and a stronger crossequatorial pressure gradient. The latter is related not only to the stronger Saharan heat lows but also to a stronger South Atlantic subtropical High, especially in the case of precession. More moisture is transported landwards from the tropical Atlantic, mostly by stronger monsoon winds, and precipitation and convection over the ocean are reduced. There is also slightly more moisture advection from the north, but this increase plays a minor role compared with the increased moisture advection from the tropical Atlantic.
The precession-induced insolation changes, much larger than those induced by obliquity, consist of a large increase in insolation during NH summer of up to 100 Wm −2 . Consequently monsoon precipitation is increased more in Pmin than in Tmax. Furthermore, the seasonal cycle of insolation over the tropics is rather different in Pmin and Pmax, with a single summer peak in Pmin and two peaks in spring and autumn in Pmax. A similar pattern is seen in the seasonal cycles of precipitation and convection over North Africa, suggesting that precipitation responds strongly to the local insolation forcing.
The obliquity-induced insolation change over the tropics during NH summer is very small (<5 Wm −2 ). Insolation is increased by 0.27 % in the Tmax experiment, yet precipitation is enhanced by 25 % (averaged over 0°N:30°N, JJA). The cross-equatorial insolation gradient, increased by 17.5 Wm −2 in Tmax (23°N:23°S JJA), may therefore play an important role in obliquity-induced climate change. The South Atlantic subtropical high is stronger, pushing more southerly winds into the monsoon region. Specific humidity over the southern Atlantic is lower because of reduced SH austral winter insolation, but stronger northnortheastward monsoon winds result in increased moisture transport from both the southern and northern equatorial Atlantic into the monsoon region. In Pmin, specific humidity over the southern Atlantic is increased during JJA due to higher insolation. Therefore the precession-induced increase in moisture transport into the monsoon region is larger than the obliquity-induced increase, not only because of the stronger response of the monsoonal south-westerlies over the equatorial Atlantic, but also because of increased humidity over the SH.
The increased south-westerly monsoon winds and moisture transport, as well as the redistribution of precipitation from ocean to land is in agreement with previous studies, such as Prell and Kutzbach (1987); Tuenter et al. (2003) ; Clement et al. (2004) ; Mantsis et al. (2013) ; Khon et al. (2010) ; Erb et al. (2013) ; Merlis et al. (2013a) . Braconnot et al. (2008) furthermore specifies the important role of large-scale dynamics over (local) evaporation. The precession-induced changes in this study are also very similar to the Mid-Holocene monsoon changes (e.g. Braconnot et al. 2007; Bosmans et al. 2012) , albeit larger because of high eccentricity. There are small differences in the pattern of solid (chequered) for larger (smaller) wind speeds during Pmin and Tmax, shown are differences larger than 2 m/s for precession and 1 m/s for obliquity changes between the precession and Mid-Holocene cases. These may be related to the low eccentricity during the Mid-Holocene and the subsequent low amplitude of precession-induced insolation forcing, i.e. a non-linearity in the response to precession, or to the combined precession and obliquity forcing during the Mid-Holocene. Further sensitivity studies could shed more light on the combined roles of eccentricity, precession and obliquity.
There are differences compared with other studies, however. None of the above-mentioned studies show a summer precipitation increase over north-westernmost Africa, which we find in EC-Earth mostly for precession (and the Mid-Holocene, Bosmans et al. 2012) . Given the patterns of wind and moisture transport we suggest that this precipitation increase could be the result of enhanced moisture advection from the monsoon region, opposite to the findings of Laan et al. (2005) . However, further investigation is necessary to quantify the role of moisture transport from the Atlantic through low pressure systems, which are not visible in the monthly averages used here, as well as precipitation changes in other seasons. Secondly, Prell and Kutzbach (1987) and Tuenter et al. (2003) suggest that the increased south-westerly monsoon winds into North Africa are remotely forced by reduced pressure over Asia. In EC-Earth we also find a pressure reduction over northern Africa as well as over continental Asia (not shown), but we do not see continued south-westerly/westerly winds or moisture transport reaching from the south-west coast of North Africa into Asia. This could be related to the relatively low resolution, and therefore reduced orography, in the models used by Prell and Kutzbach (1987) and Tuenter et al. (2003) . Low resolution could also explain why the double precipitation peak over tropical North Africa during a precession maximum is not present in EC-Bilt (Tuenter et al. 2003) , because in EC-Bilt the tropics consist of only a few grid boxes. The higher resolution of EC-Earth enables the model to respond better to the different annual cycle in insolation forcing within and outside of the tropics. Also, EC-Bilt shows a smaller precipitation response to the insolation forcing, of 101 and 8.9 % for precession and obliquity respectively (E. Tuenter pers.comm.), for insolation changes of 20.1 and 0.27 %, compared to 471 and 25.1 % for EC-Earth (0°N:30°N JJA). Whether the precipitation changes in north-westernmost Africa, the link to the low pressure centre over Asia and the double peak in precipitation in the Pmax experiment are related to the high resolution and/or sophisticated parametrizations remains to be tested in further sensitivity analyses.
Another notable difference with Tuenter et al. (2003) is that in their study increased moisture transport from the north plays an important role in bringing the precession and obliquity signals into the monsoon region. They used a quasi-geostrophic model that has very little transport of moisture and energy across the equator, which could explain the importance of remote high latitude forcing. It could also explain the smaller precipitation change in their study. In EC-Earth, increased transport from both the northern and southern tropical Atlantic dominates for both precession and obliquity and the precipitation change is larger. North of the monsoon region humidity changes are small and increased moisture transport from the north is much less important.
EC-Earth v2.2 lacks dynamic ice sheets, so the obliquity signal in the North African monsoon in our study does not originate from (high-latitude) glacial fluctuations, as is often assumed in the interpretation of paleoclimate records. Fig. 11 June-July-August average changes in moisture transport terms (kg/(ms)). Changes due to humidity, with fixed winds, are given at the top (v∆q). Changes due to wind, with fixed humidity, are given in the middle (q∆v). Changes due to both wind and humidity are given at the bottom (∆q∆v ). All are vertically integrated. Unit vector length is 200 kg/ (ms) (black) and 300 kg/(ms) (purple) on the left for precession, and 30 kg/(ms) (black) and 50 kg/(ms) (purple) on the right for obliquity (as in the lower part of Fig. 10) Our findings imply a more direct response of tropical climate to obliquity changes, in agreement with studies that find only a short time lag with respect to obliquity and those that find obliquity signals in warm climate conditions (i.e. prior to ice age dominated climates of the past 3 Ma). A more detailed discussion on how obliquity influences low-latitude climate at all longitudes will be given in a separate paper.
An important component that is not yet included in the EC-Earth model, besides dynamic ice sheets, is dynamic vegetation, which could alter the monsoonal response to orbital forcing. Especially over the Sahel and the Sahara vegetation is likely to increase given the large orbital-induced precipitation enhancement (Fig. 3) . Several Mid-Holocene studies show the positive feedbacks of a lower albedo (e.g. Ganopolski et al. 1998; Braconnot et al. 1999; Bonfils et al. 2001) as well as an increased sensible heat flux due to increased roughness length and an increased latent heat flux due to increased evapotranspiration (e.g. Texier et al. 2000; Levis et al. 2004 ). Thus, including vegetation would likely increase the monsoonal response to orbital forcing. Another point of improvement is that the experiments are relatively short (100 years), due to the model being computationally expensive and limitations in computing time. Longer runs might result in a more equilibrated climate, which becomes important when Fig. 12 June-July-August average vertical velocity at 500 hPa in 10 −2 Pa/s in the Pmin experiment (top left), Pmax (mid left), Tmax (top right), Tmin (mid right) and the Pmin-Pmax differences (lower left) and Tmax-Tmin differences (lower right). Green indicates upward motion, purple indicates downward motion studying climate components with longer response times, such as the deep ocean circulation. However, the atmospheric variables that we investigated in this study, especially precipitation, are sufficiently equilibrated.
Furthermore, although a full model-data comparison is beyond the aim of the present study, we note that model output such as presented here can be combined with extensive paleoclimate proxy data, such as marine records (e.g. Rossignol-Strick 1985; Pokras and Mix 1987; Larrasoaña et al. 2003; Ziegler et al. 2010) , to improve our understanding of monsoon changes on orbital time scales. Continental records of lakes, fossil river channels and vegetation patterns over the Sahara also suggest a close link between orbitally-forced wet periods in the Sahara and the occupation, migration and evolution of hominins (e.g. Trauth et al. 2009; Drake et al. 2013; Larrasoaña et al. 2013) . Such wet periods in the Sahara occurred at times of minimum precession and high eccentricity, similar to our Pmin case. (Nicholson 2009) Also, fossil river channels suggest that at such times there were more routes of water transport to the Mediterranean besides the Nile (e.g. Osborne et al. 2008; Drake et al. 2011) , affecting the Mediterranean Sea. The latter will be discussed in a future manuscript.
To conclude, we argue that both the precession and obliquity signals in the North African summer monsoon originate from enhanced moisture transport from the tropical Atlantic. The precession-induced changes are stronger, as the insolation change is much larger than the obliquityinduced change. Considering the near-zero obliquityinduced tropical insolation changes, we propose that the cross-equatorial insolation gradient may play an important role. We therefore disagree with the remote mid-to highlatitude forcing of Tuenter et al. (2003) .
